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t ha t  l inearized iheory predicts  very low values of drag 
due t o  1fft  a t  supersonic speeds when proper planform and load dis t r ibu-  
t ion a re  used. Attempts t o  obtain these predicted values experimentally 
have met with very l imited success. 
i s  shown t o  r e s u l t  fxom the attainment of a supercr i t ical  flow over the 
The fa i lu re  of the l inearized theory 
wings, an ePfect which i:; beyond the scope of simple f i rs t -order  theory. 
By consideration of second-orcler terms i n  the pressure equation, analysis 
indicates t ha t  it i s  extrelnely d i f f i c u l t  t o  design a cambered and Gqisted 
nweptback wing that  would avoid SupercriticaL flow a t  r e a l i s t i c  l i f t  
coefficients.  Nevertheless, a ser ies  of sweptback wings have been 
designed and tes ted i n  order t o  verify the analysis, and resu l t s  of t h i s  
investigation are described. 
use of supersonic edged wings preceded by f uselage-like l i f t i n g  bodies. 
Other approaches t o  the problem involve the 
An analysis of such configurations is presented including the develop- 
ment of a new method f o r  calculating optimized loadings on wings of 
a rb i t ra ry  planform. It is  shown t o  be necessary t o  account fo r  combined 
l i f t i n g  and volume ef fec ts  i n  the design of such configurations. 
*Chief, Theoretical Mechanics Division. 
**Aeronautical Research Engineer. 
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k The present report  i s  eoncernedyith researc carried out over 
li 
6 
the past  few years t o  understand the;complex flows about wings a t  super- 
sonic transport  speeds and t o  u t i l i z  t h i s  understanding i n  an attempt t o  
design wings and wing-body configura$ions of high aerodynamic efficiency. 
a*, 
! 
Basic research over the past  decade das been conducted i n  f l i gh t ,  i n  
high-speed wind tunnels, and by analysis, and the agglomeration of these 
resu l t s  has given us today the a b i l i t y  t o  design supersonic^ transports 
f o r  M = 3 having l i f t - to-drag r a t io s  i n  the range from 7 t o  8. In  the 
design of sweptback wings, however, there is  one f rus t ra t ing  area of 
research i n  which the thcorct ics l  predictions of favorable drag-due-to- 
l i f t  reductions have not been experimentally confirmed ( r e f .  1). There 
a r i s e s  then the important question of whether the gains predicted'by 
l inearized theory are  a t ta inable  i n  nature or  are  only manifestations of 
our  mathematical imagination. 
required since the unlimited possibi-l i t ies for  cambered surface shapes 
makes the pure experimental approach too costly.  
Study of the problem through bnalysis is. 
Some progress has been 
made on the nonlinear problem, references 2 through 5; however, the basic 
equations of i n t e re s t  a re  of the mixed e l l i p t i c  and hyperbolic type (see 
Ferr i ,  Voglio-Laurin, and Ness, r e f .  2) and are  even more intractable  
than the &solved problem of two-dimensional transonic flow. I n  t h i s  
paper some experimental ' r esu l t s  are  given f o r  wings designed according 
t o  l inear  theory together with an analysis of the expected effects  of 
the nonlinear aerodynamics. 
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DISCUSf3ION OF TFIE PROBLEM 
A great  deal of research e f f o r t  has been expended. 
real ize  the favorable drag-due-to-lift characteri skies 
i n  attempts t o  
predicted by 
l inear  theory for f l a t  arrow wings with subsonic leading edges. The 
favorable characterist,ics of t h i s  type of wing are  predicated on the 
basis of a leading-edge thrust  force which i s  a t t r ibu ted  t o  the in f in i t e  
leading-edge suction associated with the f la t -p la te  loading. A s  pointed 
out i n  reference 1, t h i s  predicted leading-edge thrus t  has rarely been 
found t o  any reasonabl-e extent I n  experimental tests of f la t  wings. 
However, i n  recent years many investigators ( r e f s ,  6, 7, 8, and 9)  have 
espoused the idea tha t  a n  "optimum" loaded surface can be obtained, 
within the framework of lines?. thc.ory, which w i l l  e f fect ively a t t a i n  or  
exceed the favorable drag-due-to-lift characterist ics of the f l a t  wing 
without dependency on leading-edge thrust  and with f i n i t e  pressures 
everywhere on the aurfaci . .  
cambered wings -have indi caked Jai.rly high levels o f  Lift-to-drag r a t i o  . 
( r e f s .  10 and 11); however, the good overall  efficiency can be at t r ibuted 
t o  the low minimum d r a p  associated with highly swept arrow wings and, i n  
some cases, laminar f l o w  rather than the attainment of the predicted 
qua l i t i es  of low drag d u e  t o  l i f t .  
Several experimental t e s t s  of these optimum 
I n  reference 1 several possible reasons were given €or the f a i lu re  
of the optimum cambered wings t o  produce the l a w  val-lle:; of drag due t o  
l i f t  predicted by theory. F i r s t ,  the basic .nature of the loading over 
$he optimum surface is  such tha t  the leading-edge pressures on the upper 
surface, though f i n i t e ,  reach re la t ive ly  high negative values i The 
\ 
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apparent e f f ec t  of these high negative pressures is  t o  induce a transonic 
or supercr i t ical  flow regime perpendicular t o  the wing leading edge and 
thus a l t e r  the pressure dis t r ibut ion from tha t  expected. 
the optimum camber surface requires a careful balance between wing slope 
Second, since 
. 
and pressure, the deviation due t o  transonic e f fec ts  w i l l  cer ta inly 
cause a rapid drag r i s e  s i m i l a r  t o  t ha t  found experimentally on two- 
dimensional cambered a-lrfoil  sections as the c r i t i c a l  speed was exceeded. 
The transonic nature of the cross flaw over the upper surface of an 
optimum wing w a s  v is ible  i n  an oil-fi lm picture first presented i n  r e f -  
erence 1 and shown herein as figure 1. This photograph, taken i n  the 
1a.ngley Unitary Plan w i n d  tunnel, shows the half-wing in the tunnel with 
flow from l e f t  t o  r tgh t .  
t ion  a t  the f i r s t  white l i n e  was largely responsible f o r  the f a i lu re  of 
I t  would nppear tha t  the shock-induced separa- 
the wing t o  produce the low drag-dne-to-lift performance predicted by 
theory. The wing, i n  f ac t ,  w a s  not as e f f i c i en t  as a n  tincambered wing 
of the same planform and thickness dis t r ibut ion.  
Because of the uripredicted drag r i s e  t h a t  can reasonably be 
at t r ibuted t o  a transonic or  supercr i t ical  cross flow on the upper s u r -  
face of highly swept optimum wings, a theoret ical  and experimental 
research program was ins t i tu ted  a t  the Langley Research Center of the 
National Aeronautics and Space Administration i n  order t o  gafn a bet ter  
understanding of t h i s  f l o w  regime. The basic questions t o  be investi-  
gated were: I n  the design of highly swept wing surfaces, what r e s t r i c -  
’ t ions are necessary t o  minimize the possible adverse transonic cross- 
flow ef fec ts?  And, w i l l  the severity of the required res t r ic t ion  
negate the possible attainment of some of the favorable drag-due-to-lift 
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character is t ics  predicted by theory? 
discuss the r e su l t s  of t h i s  combined research program as  they apply t o  
these questions . 
The f i r s t  pa r t  'of t h i s  paper w i l l  
CRITICAL SPEED FOR SUPERSONIC SWEPTBACK WINGS - 
Since, from a l l  appearances, the most c r i t i c a l  region i n  the design 
of highly swept optimum cambered wings i s  on the upper surface near the 
leading edge, i n  the analysis primary at tent ion has been given t o  t h i s  
specif ic  region. For t h i s  region, an approximation of the rebtr ic t ions 
necessary t o  delay the onset of induced c r i t i c a l  cross flow can be 
obtained through the use of simp1.e swept theory. 
From simple sweep consi 3mations the pressure coefficient which w i l l  
induce sonfc flow normal t o  the leading edge of a wing swept A degrees 
and f lying a t  a stream Mach number, M ,  i s  given by 
whel-e 7 i s  the r a t i o  of specif ic  heats and i s  taken as  1.4.  Since the 
basic purpose of the optimum design approach i s  t o  obtain min imum drag 
for a given l i f t ,  it is convenient i n  the analysis t o  relate the c r i t i c a l  
pressure coefficient given by equation (1) t o  the l i f t  coefficient. It 
is  a l so  convenient t o  es tabl ish the c r i t i c a l  l i f t  coefficient fo r  a 
uniformly loaded surface, keeping i n  mind tha t  the leading-edge pressures 
for  optimum wings a re  coasiderably greater than the average over the 
sllrf ace. 
Again, us ing  simple sweep theory fo r  a uniformly loaded surface 
we can obtain the approximate expressions 
where u and v are  the r a t io s  of the upper surface, streamwise and 
l a t e r a l  perturbation veloci t ies  t o  the freestream velocity, and CL 
i s  the' l i f t  coefficient.  
Since t o  f i r s t -order  Cp = -2u = - - CL we can, with the use of 
equation (1), determine i~ t'i rnt-order c r i t i c a l  l i f t  coefficient f o r  
2 '  
uniform loading given by 
A rough a-pproximati.on t o  the second-order e f fec ts  can be secured. from 
the re la t ion  Cp = -(2u + v2) = - which with equa- 
t ion  (1) yields a second-order c r i t i c a l  l i f t  coefficient f o r  uniform 
* * 
The variation of the c r i t i c a l  l i f t  coefficients C L,1  and CL , 2 
with leading-edge sweep angle i s  shown i n  figure 2 fo r  several Mach 
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numbers of current in te res t .  Prom the simple considerations outlined 
above, it can be seen tha t  even f o r  the case of uniform loading rather  
high sweep angles are  necessary t o  avert  the onset of c r i t i c a l  cross 
flow if reasonable l i f t  coefficients are t o  be maintained. It i s  impor- 
t an t  t o  note that while the maximum c r i t i c a l  l i f t  coefficient i s  larger  
for  the lower Mach numbers, the optimum design l i f t  coefficient of 
. 
supersonic transport  airplanes a l so  follows this  trend and hence the 
c r i t i c a l  speed problem i s  nearly as gevere a t  M = 2 as a t  M = 3 .  
Since the loading near the leading edge of an optimum wing i s  higher 
than the average over the surface, rather severe res t r ic t ions  i n  overall  
l i f t  or  i n  load dis t r ibut ion arc necessary t o  avoid supercr i t ical  f l o w  
and attendant flow-fi.cl d distor t ion,  
MODIFICATION OF OPTIMUM LOADINGS 
Jus t  how these res t r ic t ions  apply t o  the camber of a specific 
planform is presented i n  figure 3. Here the upper--surface pressures . 
due t o  camber, plotted as - ;ICpJupper, are  shown fo r  a highly swept 
44 
planform. The design Mach nLmber i s  3.0, the leading-edge sweep i s  
80°, and t,he design lift coefficient is 0.08. "he loca l  chord position 
= 0.1 i n  combination with the semispan s ta t ions 2 defines a 
s 
region very near the leading edge of the planform. Upper-surface pres- 
* 
indicate tha t  the induced L? 1 sures which l i e  above the l ine  labeled C 
cross flow would be supercr i t ical  from f i rs t -order  considerations. 
Upper-surface pressures which l i e  above the l ine  labeled 
* 
CL,2  
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indicate tha t  the cross flow would be supercr i t ical  from second-order 
considerations: 
It can be seen from the figure tha t  the optimum cambered surface, 
"U which has a theoret ical  drag r i s e  factor ,  - n OJ 
supercr i t ical  cross-flow regime from e i the r  f i r s t -  or second-order 
considerations. On the other hand, the same planform cambered fo r  
uniform loading i s  i n  a subcri t ical  flow regime, but has a re la t ive ly  
high drag r i s e  factor  of 0.223. 
planfo&s and design conditions indicated the same general trends. 
optimum smface w i t h  low theoret ical  drag r i s e  factors w a s  i n  a super- 
a 
Similar analyses of other sweptbaek 
The 
c r i t i c a l  cross f l m ,  whereas uniformly loaded wings, i n  general, pro- 
duced re la t ive ly  high drag r i s e  fact.ors. 
effects  of supercr i t ical  cross flow pointed out earlier', neither of 
these two extreme design conditions would offer  much hope for  the 
attainment of: favorable 'drag-due-to-lift character is t ics  without s izable '  
additional e f fec ts  such as  thickness or interference bodies placed on 
Because of the probable adverse 
the cambered surface. Consequently, an analysis was made t o  dekermine 
whether a camber loading could be obtained which would offer  substantial  
r e l i e f  from the leading-edge crit ical-flow problem with only small loss 
i n  theoret ical  drag-due-to-lift capabili ty as compared with the optimum. 
Using a pressure superposition method similar t o  those described i n  re f -  
erences 12 and 13, it was' found that ,  for a number of planforms and 
design conditions, the upper-surface pressures near the leading edge 
could be r e s t r i c t ed  t o  the f i rs t -order  c r i t i c a l  with only about a 
LO-percent increase i n  drag r i s e  factor  over that of the corresponding ' 
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optimum surface. For example, the r e s t r i c t ed  camber loading which has 
r 
the leading-edge pressure dis t r ibut ion shown on figure 3, has a theoreti-  
ca l  drag r i s e  factor  of 0.184 compared t o  0.167 f o r  the optimum camber 
loading 
EXPERTMENTAL MODELS AND THICKNESS EFFECTS 
I n  order t o  determine what favorable effects ,  i f  any, might r e s u l t  
from t h i s  r e s t r i c t ion  of the upper-surface pressures near the leading 
edge, a ser ies  of models w a s  constructed to  investigate the r e s t r i c t ed  
design approach. 
fu r thm reduce the upper-surface pressures through thickness e f fec ts .  
It was anticipated tha t  a prol‘5le with sharp leading edges would be most 
favorable from the standpoint of prodicit’ig a desired posit ive pressure 
increment on the upper surface near the 1eadi.ng edge. Kith no fur ther  
consideration a circular-arc a i r f o i l  section w a s  selected. Surprisingly, 
a search of the l i t e r a tu re  revealed tha t  no calculated pressure d i s t r i -  
I n  the design of the models an attempt was made! t o  
. 
butions were available for  circular-arc prof i les  on f u l l y  tapered swept- * 
back wings. Subsequently, the method of Kainer ( r e f .  14) w a s  used t o  
calculate the desired circular-arc thickness pressures. The resu l t s  of 
these calculations as they might influence the cri t ical-flow region near 
the leading edge are  shown i n  figure 4. 
plot ted as --2cp’upper a re  shown fo r  a region near the leading edge of 
The upper-surface pressures 
C i , l  
the same highly swept planform considered i n  the previous figure.  It 
can be seen that a 2.5-percent-thick circular-arc prof i le  when applied 
to  the r e s t r i c t ed  cambered surface,would theoretically bring the pressures 
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i n  the forward region of the leading edge t o  values below the second- 
order c r i t i c a l .  However, as the t i p  i s  approached the desired effect; 
is  l o s t  and there i s  an increase i n  negative pressure level .  From 
leading-edge flow considerations it appears that a double-wedge prof i le  
of l ike  thickness r a t i o  would have been a be t te r  choice of thickness 
prof i le ,  although there might be adverse e f fec ts  on the a f t  portion of 
the wing due t o  the ridge l ines .  
shop 'availabil i ty and construction time, the experimental models fo r  
Unfortunately, from considerations of 
inve'stigation of the res t r ic ted  camber design philosophy were fabricated 
prior t o  the ava i lab i l i ty  of thickness cal-culations . Consequently, on 
the simple sweep b m i s  used in. the analysis, only one of the cambered 
models had a completely subcr i t ica l  leading edge a,t the design condition. 
The other cambered models had essent ia l ly  the same leading-edge pressure 
dis t r ibut ion as t ha t  shown on figure 4 f o r  the r e s t r i c t ed  camber with 
circular-arc thickness dis t r ibut ion.  
A summary of the planforms and design conditions considered i n  the 
experimental investigation i s  shown i n  figure 5 .  
f u l l y  tapered arrow wings with a notch r a t i o  equal t o  35 percent of the 
overall  length as shown on the figure.  M = 2, wings with 
A l l  the wings were 
For t e s t s  a t  
TO0 and 75' leading-edge sweep were constructed, and fo r  t e s t s  a t  
M = 3.O,'8Oo of leading-edge sweep was used. The cambered surfaces were 
designed by the res t r ik ted  approach mentioned ea r l i e r  t o  produce the 
design l i f t  coefficients shown on the f igure.  Circular-arc prof i les  of 
the indicated streamwise thickness r a t io s  were then added symmetrically 
t o  the cambered surfaces. For each planform, an uncambered wing with . 
circular-arc sections w a s  tes ted fo r  comparison. 
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EXPERIMXNTAL RESULTS AND DISCUSSION 
The r e su l t s  of the experimental investigation of the drag-due-to- 
l i f t  charac te r i s t ics  of t h i s  family of highly swept arrow wings are 
shown i n  f igure 6. 
represented by the symbols, were obtained from experimental drag polars 
CD - The experimental val-ues of drag rise fac tor  
PCL*’ 
by use of the expression 
I t  can be S ~ F I K I  frrjrn thr? f igure t h a t  the flat-wing r e su l t s  represented 
by the square syribols l i e  slight, ly under the theoretical  curve f o r  f l a t  
wlng neglecting the 1.eading-edgc sui: 1 ion force . The c l m g  r i s e  I‘actors 
f o r  -kt-ic? cambured vjngs denoted by the c i rc les ,  although w e l l .  above the 
theomt ica l  cUFjt<S f o r  optimm and res-t,ricted czmber ,  d o  indicate a defi-  
nit,(-. irnprovemen? over 1,he flat. wings .  
The camberc.d wings with 70‘’ Lending-edge :;weep arid design CI, I: 0.OLi 
i he only v r i i > g  which w a n  +,heor‘(: t , i c a l l y  sin1xx-i t i c a l  a t  the d.esign con- 
diLion, and as indicated on the f igure,  th i s  wing pr’odixed the lowest 
drag r i s e  factor .  
coefficient aL. law as 0.08 i s  not consistent with opt,irnuni f l i g h l  condi- 
I t  should be pointed out,  however, t h a t  a design l i f t  
t ions a t  M = 2 e i t h e r  i n  the wind-tunnel o r  f u l l  -scc?..lc fl.jght a t  alti- 
tude. There are, indeea, smaller differences i n  the numerator and 
denomina.tor of equation ( 5 )  and therefore considerably greater  inaccu- 
rac ies  i n  the determination of drag r i s e  fac tor  from the experimental 
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resu l t s .  It i s  nevertheless s ign i f icant  t h a t  the most probable value 
of drag r i s e  factor  f o r  the subc r i t i ca l  wing is  substantially lower than 
tha t  f o r  the f l a t  wing, but disappointing t h a t  there i s  s t i l l  a ra ther  
large discrepancy indi catted between theory and experiment. 
From flow pictures  taken on the se r i e s  of r e s t r i c t ed  cambered wings, 
there i s  no longer an indication tha t  the discrepancy between theory and 
experiment can be a t t r i bu ted  t o  a breakaway i n  the f l a w  over the upper 
surface. 
on the family of wings under investigation. This oi l - f i lm picture taken 
i n  the Langley &-foot supersonic tunnel shows the flow over the upper 
surface of the 70° ' res t r ic t t~?  cantbered wing a t  M = 2 and CL =: 0.16. 
For these conditions no lead-ing-edge separati-on nor tAp t,railing-edge 
separation was present.  The flow separation v is ib le  i n  the photograph 
can be a t t r i bu ted  t o  surface i r r egu la r i t i e s  on the wing or  a i r  bleeding 
from the lower surface of the scmispan model through the root  chord gap. 
Figure 7 is . representat ive of the type of flow which occurred 
On the basis  of' the experimental r e su l t s  and the analysis of flaw 
f i e l d s  required by l inearized theory t o  produce a low-dra.g wing, it i s  
concluded t h a t  l i nea r  theory i s  not adequate f o r  the design of highly 
sweptback wings having optimum aerodynamic 1.oading. It, appears t ha t  
the assumptions of the l i nea r  theory a re  strongly violated and tha t  
* 
consideration of the nonlinear aerodynamics must be included i n  a wing 
design. 
reference 15, i n  which.the reversed Mach cone i s  used as a control sur- 
face f o r  momentum integrals ,  indicated t h a t  Kogan's general r e su l t  f o r  
R .  T.  Jones i n  Teference 10, commenting on the work of Kogan, 
. 
optimum loading should be val id  t o  second order. This r e s u l t  gives * 
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encouragement t o  the hope tha t  low values of drag due t o  l i f t  are 
at ta inable .  It i s  important t o  note i n  t h i s  connection tha t  Kogan's 
condition gives values of the poten t ia l  on the reversed Mach cone 
control surface which are then val id  t o  second order according t o  
Jones; however, the a,erodynaanic loading on the wing surface which 
produces the mentioned potent ia l  d i s t r ibu t ion  is  undoubtedly consider- 
ably affected by inclusion of second-order terms, hence the attainment 
of the optimum 1inear.loadings may not necessarily produce the desired 
result.. This problem i s  of considerable i n t e r e s t  and warrants additional 
a t tent ion.  
CONSIDEFUIT'ION OF L l  FTING FOREBODIES 
Tho foregoing discussion has concentrated prima.riLy on highly. swept 
arrow wings t o  obtain low values of drag. 
obtaining low drag under l i f t i n g  conditions i s  t o  increase the effective. 
aspect r a t i o  of the wing i n  both the chordwise and spanwise sense. The 
An a l te rna te  approach toward 
so-called area ru le  as applied t o  l i f t i n g  elements leads t o  t h i s  conclu- 
si  on and some theoret ical  calcula,tions provide fur ther  support t o  t h i s  
idea. The basic concept is t o  design the body or firselage so t ha t  it 
w i l l  carry l i f t  and produce Q favorable upwasli f i e l d  over the main wing. 
Licher (ref. 16) has made FL calcalation of the drag due t o  l i f t  of an 
e l l i p t i c  planform wing together with an id-ealized ,body which i l l u s t r a t e s  
t h i s  concept. 
6,long a l i n e  but which carr ied no ne t  l i f t .  
the drag of t h i s  wing-body configurat,ion would be reduced by as much as 
30 or 40 percent, below the drag of the wing alone, provided the body 
The bogy w a s  simply represented by a l i f t  d i s t r ibu t ion  
H i s  calculations showed that 
. 
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could support the required lift, Although it i s  Unlikely that a body 
can be designed t o  carry suf f ic ien t  l i f t  t o  obtaia drag reductions of 
t h i s  magnitude, the concept appears t o  of fe r  poss ib i l i t i e s  of suf f i -  
c ient  drag reductions t o  warrant fur ther  study. ' I n  order t o  explore 
th i s  concept fur ther  it is necessary t o  make a more r e a l i s t i c  approxi- 
mation t o  the l i f t i n g  body. 
amount of l i f t  t o  e f f ec t  a sizable drag reduction over t ha t  of the 
Slnce the forebody must carry a substant ia l  
alone, the body would have t o  be, i n  e f fec t ,  a low-aspect-ratio wing, 
From the point of view.of the l i f t  d is t r ibut ion,  then, the wing and 
l i f t i n g  body can be regarded as a wing of very general planform. 
O f  necessity, the calculation of the flow over wings of general 
planform en ta i l s  approximate methods even within the framework of 
l inearized theory, 
the camber dis t r ibut ion t o  minimize the d r a g  a t  a, given l i f t  has been 
Some work oriented i n  the direction of determining 
presented by Ginzel and Multhopp ( r e f .  17) and a numerical method fo r  
determining the downwash corresponding to  a given pressure dis t r ibut ion 
has been given by Hancock (ref.  18). 
differing i n  d e t a i l  from tha t  of Hancock has been developed independently 
a t  the Langley Research Center of NASA t o  optimize the camber and loadings 
A method similar i n  concept but 
foi a given wing planform. 
For t h i s  purpose the wing planform i s  divided into a f i n i t e  number of 
elements each of which i s  uniformly loaded and the donwash over a similar 
element within the regioq of influence of the f irst  i s  obtained i n  
analytic form. 
by employing character is t ic  coordinates corresponding t o  a stream Mach 
i 
The.eqUations fo r  the downwash assume the simplest form . 
number of @; The coordinates are then orthogonal and the f in i t e '  . 
- 14 - 
i t t  
@&@ma%@ ann. b@ &&et% &E: square8 whose edges are aligned in the h o  
af.issac%eristic caordinate direct ions,  Figure 8 illustrates the mesh 
arrangement employed i n  the analysis.  The area which includes the wing 
e and i s  bounded by the intersection of the forward and reverse 
k e h  l ines  is divided in to  z2 elements whose coordinates-can be 
r ted by the inkegerg i , j  or  m,n where 1 d i,J,m,n B Bl. For 
those elements which lie slong the b o w h r y  of the wing planform it is 
t~@c;ee~ary %amake 8 fur ther  subc2ivlaisn of the basic mesh size i n  order 
8 -  
. 
t o  obtain B watiefaatsry ap;prexim~%fsn of %he effect of' %he w i n g  edge's 
on the downwash, 
The average value of downwash angle, u, on the area m,n due t o  
uni t  pressure on the element i , j  can be determined from the expression 
1 
where Sm,n i s  the area of the element m,n and w + i s  the. loca l  down- 
wash angle. The t o t a l  downwash angle a t  a given element m,n can be . 
obtained by summing the contributions from a l l  the elements of the wing 
which l i e  within the upstream Mach l ines  from the element. 
The c r i t e r ion  f o r  minimum drag fo r  a given l i f t  as found by R. T. 
Jones ( r e f .  6) i s  tha t  the combined downwash due t o  forward alnd reverse 
flows i s  a constant everywhere on the wing. This condition i s  approxi- 
mated by requiring that the average value of the combined downwash on 
each r ec t i l i nea r  element of the wing have a constant value. 
Such a procedure leads t o  a se t  of simultaneous equations given by 
which can be solved f o r  the unknown pressure coeff ic ients .  With these 
values determined, the corresponding shape and drag coefficient can be 
evaluated. 
Some calculations have been mad.e on t h i s  basis  wherein up t o  100 
simultaneous equations w e r e  solved on electronic computing equipment t o  
eva.3.u;tte the pressure d is t r ibu t ions .  A comparison with the known ana ly t ic  
solut.ionc. f o r  the minimum-dra.g sonic-edge triangul:w wing shms t h a t  t h i s  
a.pproxima te anal;ysi:;* is za t i s fac  tory Tor e va.1 uaiing the in tegra l  spanwise 
and chordwi.se loadings and give:; tho correct theore t ica l  v a l u e  of the 
minimum value of - . The local- pressure and camb'6r distributions 
PCL2 
corresponding t o  the minimum drag value are somewhat l e s s  sat isfactory,  
since these d is t r ibu t ions  show some i r r egu la r i ty  between adjoining span- 
xise  s ta t ions .  
solution toward the condition xhich produces the minimum theore t i c a l  va,lue 
of the dra,g. 
'This i r regular i ty  appears t o  be caused by forcing the 
h computation of the loading f o r  the planform shown i n  f igure 9 w a s  
made t o  gain some ins ight  i n to  the p o s s i b i l i t i e s  of using the l i f t i n g  
forebpdy to .c rea te  a favorable upwash f i e l d  over the wing. 
has a uniform loading and the camber of the remaining wing panel w a s  
designed to  give minimum drag. 
leading edges and the wing leading edge i s  sonic. 
rise factor f o r  t h i s  configuration is  approximately 11 percent, lower than e 
The forebody 
The highly swept forebody has subsonic 
The calculated drag 
\ 
6 
- 16 - 
t h a t  of a f la t -p la te  wing of the Bame planform with leading-edge suc t i  
(ref. 191). 
value which may be d i f f i c u l t  t o  a t t a i n  because of nonlinear aerodynamic 
The constant surface loading on the forebody is 1.44C~, 8, 
1 
ef fec ts .  
c ient  (uniformly loaded) forebody the sonic afterportion of the win@ was 
theoret ical ly  able t o  recover a large amount of energy from the forebody 
Nonetheless, it is  a hopeful r e s u l t  t ha t  even with an ine f f i -  , 
. 
upwash velocity f i e l d  t o  e f f e c t  a ne t  11-percent decrease i n  drag. 
l i f t i n g  forebody configuration has, i n  addition t o  possible s t ruc tura l  
advantages, the def ini te  promise of reduced t r i m  drag. 
tions together with the calculated performance improvement indicate the 
A 
These considera- 
des i rab i l i ty  of fiirthcr cxperimen tal and analyt ical  studies of such 
arrangements a 
I n  conclusion the authors wish t o  acknowledge the contribution of 
M r .  H.  Carlson of the Langley &-foot supersonic wind tunnel and the s ta f f  
of the Langley Unitary Plan wind tunnel i n  obtaining the eqerimental  
resu l t s  presented. 
- 17 - 
REFERENCES 
1. Brown, C .  E . ,  and McLeam, F. E.: The Problem of Obtaining High L i f t -  
Jour. of Aero. Sci.,  vol. 26, 
, 
Drag Ratios a t  Supersonic Speeds. 
no. 5, pp. 298-302, May 
2. Fer r i ,  A , ,  Vaglio-Lauren, 
Without Axial Symmetry. 
1-959 
R. ,  and Hess, 
PIBAL Report 
N.:  Mixed Type Conical Flow . 
No, 264, Polytechnic Ins t i t u t e  
of Brooklyn, New York, Dec. 1954. 
3. Sears, W .  R., ed.: High-speed Aerodynamics and J e t  Propulsion, Vol. 6. 
General Theory of High-Speed Aerodynamics. Section E , ' 8 .  Princeton 
University Press, 1954, pp. 477-487. 
4. Moore, F. K . :  Second Approximation to  Supersonic Conical Flows. Jour. 
of Aero. Sci .  1.7, 328, 1950. 
5. Tan, H. S.: Second Approximation t o  Conical Flows. WARC Technical 
Report 52-277, Wright A i r  Development Center, Day%on, Ohio, U$A, 
1952 ' 
6. Jones, Robert T. : The Minimtun Drag of Thin Wings i n  Frictionless F l w .  
Jour. Aero. Sci.,  vol.  18, no. 2, Feb. 1951, pp. 73-81. 
7. Graham, E .  W. : The Calcul.aLion of Minimum Supersonic 
of an Equivalent Two-Dimensional Potential  Problem. 
No. SM-22666, Douglas Aircraft  Co . , December 1956 
Drag by Solution 
Rep. 
8 .  Zhilin, Yu. L. :  Wings of Minimum Drag. Prikladnaia Matematika i 
Mekhanika (Moscow, Leningrad), vol . XXI, pp . 213-220, 1957. 
9 .  Germain, Paul:- Sur Le Minimum de Trainee d'une A i l e  de Forme en Plan 
Donnge. Compte Rendus, vol. 244, no. 9, pp. 1135-1138, February 25, 
1957 * 
-.18 - 
10. Jones, Robert IT.: Aerodynamic Design for  Supersonic Speeds. F i r s t  
International. Congress of Aero. Sci . , Madrid, Spain. Sept . 8-13, 
1938. 
11. Katzen, E l l i o t t  D.: Idealized Wings and Wing-Bodies a t  a Mach Num- 
ber of 3 .  NACA 'Il!I 4361, 1958. 
12. Tucker, W .  A.: A Method for  the Design of Sweptback Wings Warped t o  
Produce Specified Flight Characterist ics a t  Supersonic Speeds. 
' 
NACA Rep. 1226, 1-95?. 
'13. Grant, Frederick C.: The Proper Combination of L i f t  Loadings f o r  
Least Drag on a Supersonic Wing. NACA Rep. 1275, 1956. (Super- 
sedes NACA TI\T 33-53.) 
14. Kainer, J. H. : Tk~oretical-  Calculations of the Supersonic Pressure 
Distribution and Wave Drag f o r  a Limited Family of Tapered Swept- 
back Wings with Symmetrical Parabolic-Arc Sections a t  Zero L i f t .  
NACA TN 2009, Jan. 1950. 
l5* Kogan, M. N .  : On Bodies of Minimum Drag i n  a Supersonic Gas Stream. . 
Prikladnaia Matematika y Mechanika, vol. XXI, 1957, pp. 207-212. 
16. Licher, R .  M. :  Redaction of Drag Due t o  L i f t  i n  Supersonic Fl ight  
by Distributing L i f t  Along a Fuselage. Jour. Aero. Sc i . ,  vol .  23, 
no. 11, Nov. 1956, pp. 1.037-1043. 
17. Ginzel, I ., and Multhopp, H. : Wings With Minimum Induced Drag i n  
Supersonic Flow. Martin Company Engineering Report No. 9937-M, 
August 1957.. 
18. Hancock, G. J.: 'Notes on Thin Wing Theory a t  Low Supersonic Speeds. 
Aeronautical Research Council A.R.C. 20, 285, July 1958. 
- 19 - 
19. Cohen, Doris, arid Friedman, M, D.: Theoretical Investigation of the 
Supersonic L i f t  and Drag of Thin, Sweptback Wings with Increased 
Sweep Near the Root. NACA TN 2959, June 1953. 
bo 
F: 
d 
t 
k 
0 
rl 
k 
d 
Fr 
8 
m00 
I1 II 
zc 
0 
a0 
9 3 
0 
0 
Ji 
W /+e 
I 
I 
I 
I 
z” 
e 
a 
0 
F 
v) 
z 
a. cn 
I 
z 
W cn 
- 
0 
rr) 
n 9 
a 
9 
d !i 
k 
2 
0 
I- 
0 
3 
- 
/ 
I I  
I- z 
E 
w a. x 
w 
0 0  1 nk' I 
3 
.CI 
2 
0 
u) z 
U 
t- 
E 
a 
13 
W 
X 
iz 
i5 
rl 
k 
/ 
cn 
U - 
I1 .. 
n .- 
a 
0 
n 
3 
U c 
€- 
\ 
I- 
Z 
I- cn 
Z 
0 
0 
*. c 
a 
I1 
n .“E 
a 
.. 
h .- 
Q 
0 
,cw: .. 
+ 
c ’- 
t .- 6 . 5  
1 
a 
a. 
n .- 
a 
0 
h 
k * 
2 
d 
2 
k 
0 
! 
a3 
\ 
.I 
0 
cu 
r-- 
0 
I 
II 
>- 
c3 
0 rn 
w z 
3 
I: 0 
o 0 
\ 
\ 
\ 
\ 
